In tele-operation, haptic feedback from the remote environment to the human is often limited, which has been shown to negatively influence the performance and required time of tasks. The conventional research focus is on improving the quality of the haptic feedback (transparency), which may have led to significant improvement, but is still imperfect, with many unresolved issues. The present study presents an alternative approach to improve teleoperated tasks: by offering haptic shared control in which both operator and support system apply the required forces at the input (master) device. It is hypothesized that virtual forces from welldesigned shared control will improve required time and accuracy, with less control effort, and that these benefits exist for perfect transparency but even more so for imperfect transparency. In an experimental study haptic shared control was designed to aid operators (n=9) with performing a simple bolt-spanner task using a planar (2D, 3DOF) tele-operator setup. The experimental results provided evidence for the hypotheses, showing that the tested telemanipulation task benefits from haptic shared control, for three different levels of transparency. Essentially, the presence of haptic shared control allows for a worse transparency without compromising required time, and can even improve required time during perfect transparency.
INTRODUCTION
Human beings are intelligent and dexterous and are able to perform many complex (manipulation) tasks like surgery, (dis-)assembly and maintenance. Though many complex tasks can be taken over by robots, one of the unique abilities of humans remains their ability to deal well with unexpected circumstances and changing environments. There are circumstances where the abilities of both human and robots are needed. One might think of complex tasks that need to be executed in unpredictable environments where human can not directly interact, due to for example the hostile nature of the environment (such as deep sea and nuclear or toxic environments) or due to dimension constraints (such as micro-assembly or minimal invasive surgery). In such cases issues like safety, responsibility [27] , and costs restrict the usability of full automation, and the human-in-the-loop approach using tele-manipulation robots is commonly used [12] , [24] . Figure 1 shows a schematic representation of the total system of human operator, telemanipulator and environment, which will be referred to as the Connected Tele-manipulator System (CTS) [8] . The five components of the Connected Tele-manipulation System (CTS), adapted from Christiansson [8] Tele-manipulation robots essentially extend the human's sensorimotor facilities to a remote location, which should give the sensation of actually being at that location performing the task (telepresence [26] ). Good telepresence is achieved by accurate visual and audio representation of the (interaction with the) remote location, but also by translating the human's interaction forces on the master device to interaction forces between the remote environment and slave robot, and vice versa.
One of the main challenges in the field remains the accurate rendition of these forces, often called transparency. Previous research showed that providing force feedback from the environment to the human improves task performance [11] , [16] and reduces cognitive workload [28] . However, the quality of the provided force feedback is often limited due to technical issues. Great efforts have been made over the past decades to improve transparency, and although substantial progress has been made [17] , [18] , [10] , [6] and [8] , optimal transparency is not yet realized. Another approach is then not to focus on achieving optimal transparency but to focus on optimal task performance. This approach was initially used by Rosenberg [25] , presenting virtual fixtures which worked as a virtual ruler assisting a tele-manipulated peg-in-hole task. The addition of artificial guiding forces resulted in a large improvement in task performance. This research laid foundation for further research in haptic shared control, combining automation and manual control. The main application of shared control that is found in current literature is on operational assistance; guiding to a certain reference position [25] , [19] , [7] , protecting areas [22] , [5] and disturbance reduction [3] , [20] . An example is the continuous haptic guiding during car following [3] and curve negotiation [20] proposed by Abbink and Mulder. These studies show that haptic shared control solutions look very promising for tele-manipulation. Most of this research is however limited to 1 or 2 degrees of freedom and/or focused on motions in free air. Furthermore continuous guiding seems promising, but is not often applied yet.
An ideal way of control should be continuous haptic shared control between the human operator and an intelligent control system. Ideally it should be implemented in such a way that the control IEEE World Haptics Conference 2011 21-24 June, Istanbul, Turkey 978-1-4577-0298-3/11/$26.00 ©2011 IEEE can shift smoothly between human and machine, optimizing the human-machine interaction. A metaphor of haptic shared control is horse-riding [14] . The rider is in control, and guides the horse. But the horse can find a way by itself in case the rider loosens his or her control for a moment. Through the forces on the reins, control authority is switched smoothly back and forth between horse and rider.
To implement continuous haptic shared control on more degrees of freedom, this research proposes a haptic shared control for telemanipulation based on the principle used by Abbink and Mulder [4] . The haptic shared control system is an intelligent system which calculates the ideal control action based on sensor information (e.g. about the slave robot, and the environment it interacts with). This ideal control action is presented as a force on the master device, so the operator continuously feels the optimal control action. The system will help the operator to execute this optimal action, but the operator can always resist the assisting forces if he does not agree with the system. A general scheme of the proposed haptic shared control is illustrated in figure 2. A schematic representation of haptic shared control. The guiding system receives feedback by sensors (S) and uses a control model to continuously calculate the optimal guiding force F sc , which is presented at the master side. The control input to the master (X c ) is affected by the feedback forces from the slave (F s ) and may now be simultaneously influenced by both the human (F h ) and the shared control system (F sc ) [adapted from Abbink [4] ].
When designing a haptic shared control system, it is important to understand that human tune their visual and haptic feedback differently and use a different control strategy for every different type of motion. The design of a proper haptic shared control system should consider these different types of motion. Based on Aliaga [6] Wildenbeest proposed four fundamental types of motion [29] . For each of these fundamental motion types a different guiding strategy was proposed:
1. Free Air Movement. The slave robot has no interaction with the environment. Proposed guiding strategy for haptic shared control: Guiding of tool position and orientation to the ideal path.
2. Contact Transition. The slave robot moves close to a surface and makes contact. Proposed guiding strategy for haptic shared control: Position and orientation guiding. Guiding prevents hard collision by an artificial damping.
3. Constrained Position Movement. One or more degrees of freedom of the slave robot are constrained (e.g. moving over a surface, coaxial sliding of pipes). Proposed guiding strategy for haptic shared control: Guiding of tool position and orientation. A motion in which forces/torques have to be controlled in one or more degrees of freedom (e.g. polishing a pipe, cutting human tissue). Proposed guiding strategy for haptic shared control: Guiding places rotation/compliance centre at the bolt origin (only guiding forces perpendicular to the force movement). Figure 2 shows that both human and the haptic shared control system have a goal input. Ideally, the haptic shared control system should be able to figure out the human goal (intention and strategy) and adapt to this goal. The shared control system used in the current study deviates from the system shown in figure 2 in that the shared control system determines the goal (e.g. the ideal path), and shows this visually to the human. This "ideal" path is chosen and is not optimized to human motions.
The main objective of this research was to provide evidence that appropriately designed haptic shared control results in larger improvements in human-in-the-loop task performance than improving transparency. To test this, an experiment was designed using a simple bolt-and-spanner task [29] , containing the four fundamental motion types. The subjects had to execute the task for three different levels of transparency: Direct Control (perfect transparency), tele-manipulation with force feedback and tele-manipulation without force feedback (no transparency). These conditions were tested with and without haptic shared control. It was hypothesized that reducing transparency will degrade task performance, while appropriate haptic shared control will increase task performance with respect to Direct Control, independent of the level of transparency (see table 1 ). Since Direct Control is the golden standard in transparency oriented research, it is defined here as baseline condition.
METHODS 2.1 Subjects
The proposed shared control was tested on a group of 9 male subjects. The mean age of the subjects was 26.1 (1.05) year. All subjects were right handed and master students of the department Mechanical Engineering at the Delft University of Technology. None of the subjects had experience with teleoperators. The subjects participated voluntarily and did not receive a financial compensation for their efforts.
Task description
The subjects were asked to take place in front of the master device and hold the interface of the master device like a normal spanner. Subsequently the following bolt-and-spanner task had to be executed (see green arrows in figure 3 ); start at the lower y-limit, move to points 1, 2 and 3, move to the bolt, slide the spanner over the bolt, and rotate the bolt to the visible reference angle. The locations of these points were respectively: (x, y, θ ) = (0m, 0m, 0 o ), (0m, 0.02m, 0 o ), (-0.06m, 0.07m, 0 o ), (0.06m, 0.08m, 65 o ) and the bolt position (x, y) = (0m, 0.12m). The task instruction was; execute the task as fast as possible. These instructions were handed out to the subjects and were verbally explained in addition by the experiment leader before the start of the experiment.
Experimental setup
The haptic shared control experiment was performed using a 3-DOF planar telemanipulation system. The system consists of a parallel force-redundant master device (see fig. 4 ) and a serial slave device (see fig. 5 ) A simple PERR (Position Error) control was implemented and the controller ran on a Mathworks xPC Target real time operating system at 1kHz. The positional accuracy was 0.03mm and the minimal time delay between master and slave was estimated at 1.5ms (1ms measurement interval and 0.5 due to the zero-order hold of the analog output [9] ). The design of this telemanipulator is discussed in detail by Christiansson [8] .
The device performance and stability was evaluated in by Wildenbeest [29] using the two-port network modelling framework [15] . The column Force Feedback in table 2 shows a summary of the most important analytic performance metrics for the teleoperator in PERR mode. The other two columns show the deduced values for the other transparency modes.
The setup was equipped to perform a bolt and spanner task. Both master and slave were equipped with a spanner interface. The slave device was actuated using the series-elastic-actuation principle which provides the ability of estimating interaction forces at the slave side. Furthermore an accelerometer was mounted at the tip of the slave to measure the high frequency contact forces.
The (remote) environment consisted of a construction with an M6 bolt (figure 3). This construction could be placed at the slave or the master side. The torque required to rotate the bolt was artificially created by a friction force induced by a spring. The tightening torques to overcome static and dynamic friction were estimated to be respectively 35.7 (2.0) Nmm and 31.6 (6.0) Nmm. The rotation of the bolt was measured with an angle sensor.
Haptic shared control design
The haptic shared control design could be based on two fundamentally different types of guiding; attractive guiding [19] , [20] , creating guiding forces towards an ideal path and repulsive guiding [25] , [5] , preventing users to enter forbidden regions by presenting repulsive forces. Attractive motion guiding can be done in a passive or in an active way: passive guiding will not induce a motion by itself, active guidance however actively pushes the master to the (sub)goal and will induce a motion when the operator releases the master. A variety of shared control designs, partly based on the literature that was discussed above, was implemented and tested during a pilot experiment. Passive guiding based on an ideal path showed the best performance and was chosen for this experiment. This chosen guiding is not necessarily the optimal guiding and neither totally optimized, though suitable for a proof of principle. The haptic shared control used for the experiments is described below per subtask:
1. Free Air Movement. A smooth path between the target points was chosen as ideal path (see red line in figure 3 ). The guiding forces were based on the 'look ahead' path error (E2 in figure  6 ) [20] , which is defined as the path error at an estimated position in future based on the current velocity vector and a look ahead time of 0.1s. 
.
Ideal path Goal Figure 6 : Shared control design for free air movement. E1 shows the current path error and E2 the look ahead path error based on the current velocityẋ and a defined look-ahead-time. The guiding force is based on the look ahead path error (E2), adapted from Mulder et al. [20] .
Experiment design

Experimental conditions
The two main factors of the experiment were two different types of haptic information: (F1) the level of transparency, and (F2) with/without haptic shared control. These factors were combined into six experimental condition (see table 3 ). Transparency was defined as how transparent the interaction forces were transmitted to the operator. The two extremes of these factor were Direct Control (DC), which gives perfect transparency, and No Force Feedback (NoFF), which gives no transparency. A third condition in between was Force Feedback (FF) using a classical PERR-controller. The FF and the NoFF conditions were tested in tele-manipulation configuration. The NoFF condition was tested by setting the PERR slave-to-master PD-gains to zero. For the DC condition, the environment was placed at the master side and the task was executed hands on using the spanner mounted at the master (no tele-operation).
The experiment contained 8 repetitions of each of the six conditions per subject. Every subject started with the Force Feedback (FF) condition, to have a reference for the subjective measures. The remaining conditions were presented randomly to minimize learning effects during the experiment.
All subjects did have training sessions for each new condition in advance of the actual experiment.
Controlled variables
Visual feedback Visual feedback from the remote environment is very important during tele-manipulation tasks and is usually achieved by camera views. Yet in many cases the often hazardous environments limit the quality and available dept information, which increase the difficulty of the task for the human operator.
For all conditions of the experiment, the subjects were dependent on visual feedback from the (remote) environment by a camera view (see figure 3 ). This camera view had a limited resolution (960 x 544 pixels) and was displayed on a 14 inch laptop screen next to the setup. The camera was placed under an angle of 45 degrees with respect to the horizontal and could be placed at the slave or master side. This tilt of the camera was done to make the task more difficult (and realistic) by introducing dept effects.
Task instruction Upon executing a task human always have a (subconscious) preference for certain control strategies. In most cases, this control strategy has to do with a trade-off between energy consumption, accuracy and/or time. During the training trials preceding the experiments the subjects got an explicit instruction to perform the task with one of the two following control strategies:
1. Accurate; perform the task as accurate as possible. This would lead to optimisation of strategy towards low forces and positional accuracy.
2. Fast; perform the task as fast as possible. This would lead to optimisation of strategy towards time duration.
During the pilot study it appeared that testing both strategies on each subject resulted in a high burden on the subjects. Hence, during the actual experiments the subjects were instructed to perform the task as fast as possible for all conditions.
Measured variables & Metrics
To analyse the effect of shared control on tele-operated task performance, a vast amount of variables were recorded during the measurements, all sampled at 1 kHz. Based on the recorded data, a number of metrics were calculated to determine the performance. In this paper we will focus on the metric time-to-complete for the total bolt-and-spanner task.
Data analysis
A univariate analysis of variance (ANOVA) was used to determine the statistical significance between the six experimental conditions. Because of the large variance between subjects, a multiway ANOVA was considered as most suitable for further analyses. A two-way ANOVA was used to analyse the effects of shared control separately for the three different transparency conditions. The two factors in this two-way ANOVA were the experimental factor haptic shared control (F2), and the between-subject variation (F3). The differences between the transparency conditions were also analysed with a two-way ANOVA, comparing two transparency conditions (F1), including the between-subject variation (F3).
Normality assumption was checked on all dependent variables (p = 0.05) to ensure the applicability of the statistical tests.
Results were regarded as statistical significant when p ≤ 0.05. 
RESULTS
The performance, expressed in time-to-complete for the total boltand-spanner task, is shown in figure 7 . The data is presented in box plots; the central mark is the median, the edges of the box are the 25th and 75th percentiles and the whiskers extend to the most extreme datapoint within 1.5 times interquartile range. The data was first compared using a one-way ANOVA, which showed a difference between the six conditions (p < 0.001). This means that the time-to-complete is influenced by the experimental conditions. Results of the two-way ANOVA are shown in figure 7 and table 4. With respect to transparency, it shows that the baseline (DC/perfect transparency) yields the shortest time to complete. Compared to DC, the FF and NoFF conditions showed an increased time-to-complete of respectively 24% (p=0.0013) and 48% (p=0.0104). Haptic shared control resulted in an improved time-tocomplete of 19.7% (p = 0.006), 24.2% (p = 0.0002) and 31.9% (p = 0.008) for respectively the DC, FF and NoFF condition (see table  4 ). Subject did not show a significant difference (p=0.692) in time performance between perfect transparency (DC) and shared control without transparency (NoFF-SC).
The significance in the second row (F3) of table 4 shows the large variance between subjects.
DISCUSSION
The experimental results showed that the tele-manipulation task benefits from shared control, for all three levels of transparency. Or in other words, the presence of shared control allowed for a worse transparency without compromising required time. Moreover shared control could even improve required time.
The association between time-performance and transparency was as expected; a lower transparency yields to a higher time-tocomplete. These findings correspond with existing literature. For example Draper [11] and Hannaford [16] reported an improved performance when providing force reflection. The relative small difference between the NoFF and FF condition represents the limited force feedback quality of the used tele-manipulator, most likely due to the simple PERR controller that was used. The difference in performance between FF and DC shows the room for improvement when focusing on improvement of telemanipulator transparency. Although shared control improved time-to-complete for all transparency conditions, the beneficial effect was larger for imperfect transparency. Even without any force feedback from the environment shared control resulted in task execution approximately as fast as in Direct Control.
It is interesting to note that the effects mentioned above were also present in pilot experiments with the task instruction to "perform as accurately as possible". Furthermore also beneficial effects have been found for other task performance metrics e.g. accuracy and exerted forces, which will be discussed in a follow-up paper.
The proposed haptic shared control requires the availability of information about the environment, the task and the human intention, since the control system needs to define an ideal path. In most tele-manipulation situations this environmental information could be deduced from a virtual (CAD) model or be obtained by sensors. Since tele-manipulation is mostly used in controlled environments with closely monitored task sequences, the general task sequences are known. Operator intention and operator motion planning also play an important part, but is much harder to track. The experimental results showed the importance of including human intention and motion planning into a haptic shared control design. A limitation of the used shared control implementation was the fact that 9-14% of the executed trials contained counteracting control behaviour between the human and the shared control system. These counteracting actions were caused by a mismatch of intentions between the human and the control system: e.g. in some cases subjects intended to move from point 2 to point 3, while the shared control system expected a movement from point 2 to point 1. The subjects were able to detect and solve these conflicts with guiding forces quite fast. Note that even despite these imperfect trials, shared control still resulted in an improved overall performance.
The experimental task was a two dimensional three degree of freedom (3DOF) bolt-and-spanner task, containing two translations and one rotation. Performing this similar task in a three dimensional environment using a 6DOF tele-manipulator would make the task considerably harder, mainly due to the need of three dimensional visual information. 3D vision is still a subject of research and is often not practically realizable in tele-manipulation situations. In conventional tele-operation a combination of different (perpendicular) camera views is used to deduce the dept information. In that situation an operator has to track multiple camera views simultaneously, which is quite hard. The problem of receiving depth information when going from 2D to 3D is inherent to the visual channel. The same transition from 2D to 3D does not have such an implication for the haptic channel. Since shared control supports the operator via the haptic channel, improvements by shared control are expected to be even higher for 3D 6DOF manipulation, than for the tested planar situation.
It is interesting to look into more detail on the different roles of transparency and haptic shared control with respect to execution of tasks. In this experimental setup haptic shared control could totally replace transparency; with no transparency subjects were still able to reach a performance comparable to DC. This result implies that tasks containing movement do not require transparency, but can be improved more effectively by addition of haptic shared control. However, shared control should ideally be combined with transparency for two reasons. First of all, real force tasks require a certain level of transparency, since human need at least an indication of the exerted forces. The force task used in this experiment is actually not a real force task, as there is movement involved. During a real force task the amount and direction of the exerted force can not be approximately deduced from a resulting motion, as was the case during the experiment. Secondly, unexpected situations also require transparency, as the operator will not be able to trust on shared control.
An interesting possibility of the haptic shared control, as proposed earlier [4] , is the option to gradually shift between human control and automation [1] . A low stiffness of the shared control system allows the operator to easily over-rule the guiding forces, whereas a high controller stiffness forces the operator to a certain path or even a motion. In this way the shared control stiffness system defines the autonomy level of the shared control system. Marayong [19] showed experimental results which indicate that the level of operator support should be adjusted to the task. In normal situations a low compliance of the guiding was found optimal, however for tasks such as off-path targeting and obstacle avoidance a higher compliance resulted in the best task performance. To support an operator during tele-manipulation tasks the gradual scaling of the amount of shared control depending on the task, as well as the operator's intention and possibly the criticality of the situation are very promising. To develop shared control to such a level, a thorough understanding of human motion control and the human dynamics is required. Knowledge about the physical behaviour of the human arm is important to optimize shared control, as the human arm admittance influences the response to forces. A way to measure and include the highly adaptable human neuromuscular dynamics in a haptic design is proposed by [23] and [2] .
Future research could further improve haptic shared control by resolving the conflicting guiding force issues discussed above. This could be done by focusing on a better matching of the guiding to natural control behaviour of the human. Available research in the field of human motion as [13] , providing a mathematical model about coordination of arm movement and [21] which focussed on the prediction of movement profiles, can provide more insight in path planning and control intention of humans. Furthermore it is important to include neuromuscular analyses in the shared control design process, as a better insight in human control behaviour and human response to forces is essential to optimize haptic shared control towards the human operator.
CONCLUSION
Haptic shared control was investigated as a means of supporting operators with performing a tele-operated bolt-and-spanner task. The effect of the designed shared control system was investigated for three different levels of tele-operator transparency. For all three levels of transparency, shared control allowed subjects to significantly and substantially improve their time-to-complete.
For the experimental conditions studied, shared control influenced task performance much more than transparency: even with the worst possible transparency, shared control allowed subjects to perform just as well as with perfect transparency, as provided by direct control. The experimental results imply that -at least for tasks that contain movement -focusing on haptic shared control may be more beneficial to operators than focussing on improving transparency.
